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Changes in fish assemblages following the establishment of a network of notake marine reserves and partially-protected areas
Abstract
Networks of no-take marine reserves and partially-protected areas (with limited fishing) are being
increasingly promoted as a means of conserving biodiversity. We examined changes in fish assemblages
across a network of marine reserves and two different types of partially-protected areas within a marine
park over the first 5 years of its establishment. We used Baited Remote Underwater Video (BRUV) to
quantify fish communities on rocky reefs at 20-40 m depth between 2008-2011. Each year, we sampled
12 sites in 6 no-take marine reserves and 12 sites in two types of partially-protected areas with
contrasting levels of protection (n = 4 BRUV stations per site). Fish abundances were 38% greater across
the network of marine reserves compared to the partially-protected areas, although not all individual
reserves performed equally. Compliance actions were positively associated with marine reserve
responses, while reserve size had no apparent relationship with reserve performance after 5 years. The
richness and abundance of fishes did not consistently differ between the two types of partially-protected
areas. There was, therefore, no evidence that the more regulated partially-protected areas had additional
conservation benefits for reef fish assemblages. Overall, our results demonstrate conservation benefits to
fish assemblages from a newly established network of temperate marine reserves. They also show that
ecological monitoring can contribute to adaptive management of newly established marine reserve
networks, but the extent of this contribution is limited by the rate of change in marine communities in
response to protection.
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Abstract
Networks of no-take marine reserves and partially-protected areas (with limited fishing) are being increasingly promoted as
a means of conserving biodiversity. We examined changes in fish assemblages across a network of marine reserves and two
different types of partially-protected areas within a marine park over the first 5 years of its establishment. We used Baited
Remote Underwater Video (BRUV) to quantify fish communities on rocky reefs at 20–40 m depth between 2008–2011. Each
year, we sampled 12 sites in 6 no-take marine reserves and 12 sites in two types of partially-protected areas with contrasting
levels of protection (n = 4 BRUV stations per site). Fish abundances were 38% greater across the network of marine reserves
compared to the partially-protected areas, although not all individual reserves performed equally. Compliance actions were
positively associated with marine reserve responses, while reserve size had no apparent relationship with reserve
performance after 5 years. The richness and abundance of fishes did not consistently differ between the two types of
partially-protected areas. There was, therefore, no evidence that the more regulated partially-protected areas had additional
conservation benefits for reef fish assemblages. Overall, our results demonstrate conservation benefits to fish assemblages
from a newly established network of temperate marine reserves. They also show that ecological monitoring can contribute
to adaptive management of newly established marine reserve networks, but the extent of this contribution is limited by the
rate of change in marine communities in response to protection.
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because their size is less than the average dispersal distance of key
species [15]. Although this issue can be resolved by establishing
much larger marine reserves, socio-economic pressures are likely
to prevent this, particularly on densely populated coasts. In an
attempt to scale up the benefits of individual marine reserves to
broader regions, networks of marine reserves are increasingly
being established [4,16]. Effective networks of marine reserves
require adequate connectivity, such that each reserve can
contribute and receive sufficient adults and larvae from adjacent
reserves [4,17]. Theoretical models suggest that a network of
marine reserves may synergistically increase conservation benefits
relative to the sum of the benefits from unconnected individual
reserves [15,18–20]. However, published data on changes in
marine communities across marine reserve networks is limited
relative to research on individual marine reserves and rigorous
empirical tests of theoretical models optimizing marine reserve
network designs are still in their infancy [4,21].
Partially-protected areas are typically marine protected areas
with less restrictive regulations than marine reserves [22,23].
Depending on local objectives, they usually involve restrictions on
particular activities, gear types, user groups, target species, or

Introduction
Human activities, such as catchment development, overfishing,
pollution and maritime industries, have degraded marine and
estuarine environments [1,2]. Global concern for the health of
marine systems has driven an unprecedented increase in marine
protected area establishment over the last decade [3]. A small
percentage of these marine protected areas are marine reserves
where extraction of living marine resources is not permitted [4].
Many published studies have evaluated the responses of marine
ecosystems to reserve establishment [5]. These include highlighting the types of species that do and do not benefit (e.g. [6,7])
cascading trophic responses (e.g. [8,9]), their influence on
surrounding areas (e.g. [10,11]), their influence on invasive species
(e.g. [12]) and the enforcement effort required for significant
changes to occur [13,14].
While individual marine reserves provide conservation benefits,
social and economic considerations often limit their size to a
fraction of the bioregion whose biodiversity they are often
designed to represent [4]. A limitation of most marine reserves is
that they are not large enough to be completely self-sustaining
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extraction periods [23]. Partially-protected areas may also be used
to limit foreshore developments that require marine infrastructure
(e.g. marinas or discharge outlets) thereby further reducing
environmental threats [24]. Relative to marine reserves, there is
much less published information about ecological changes
associated with the establishment of partially-protected areas
[23]. A meta-analysis of 20 studies found that partially-protected
areas maintain higher biomasses, density and richness of marine
organisms than areas with less regulation, but do not provide the
same level of ecological benefits as no-take marine reserves [23].
These conclusions are, however, limited by (i) major differences in
fishing restrictions in partially-protected areas among the different
studies and (ii) most comparisons within a region being based on a
single marine reserve or partially-protected area (but see [25]).
The establishment of multiple-use marine parks with replicated,
closely spaced marine reserves, partially-protected areas and open
access areas provides the opportunity to test hypotheses about
networks of marine reserves and make rigorous comparisons of
change in marine communities associated with different levels of
environmental protection [26]. Over the last decade, six such
multi-zoned marine parks containing 115 individual marine
reserves (i.e. no-take sanctuary zones) have been established in
the state waters of New South Wales, Australia [27]. Built into the
legislation administering these marine parks are statutory requirements to review and, if necessary, adaptively manage the zoning
arrangements 5 years after establishment. Some species can
display significant changes after only a few years of protection (e.g.
,5 years [28]), while others may take decades [29,30]. Significant
changes in marine community structure may take well in excess of
15 years [28,31]. It is uncertain, therefore, the extent to which
marine environmental monitoring will contribute to evidencebased adaptive management of marine park zoning arrangements
at a 5 year review.
To assess the recovery trajectory of a newly established marine
reserve network, we tested the hypothesis that reef-associated fish
assemblages in reserves will change significantly relative to fished
areas within 5 years of establishment. Concurrently, we also tested
the hypothesis that reef-associated fish assemblages vary with
different levels of environmental protection by including partiallyprotected areas. We also evaluated the performance of individual
reserves within the network and related this to reserve size and
enforcement actions.

entire park, respectively. The different zone types are interspersed
throughout the marine park creating a network of marine reserves
and partially-protected areas. Special purpose zones were not
included in the hypotheses tested because they only represented
,0.5% of the marine park and were created for a range of specific
management purposes (e.g. oyster farming, foreshore development
and cultural resource use).
Sanctuary zones are strict no-take marine reserves that allow for
non-extractive activities. Habitat protection zones are partiallyprotected areas where the species that can be harvested and the
fishing methods that can be used are prescribed by legislation. For
example, lawful recreational fishing methods are allowed in
habitat protection zones with a few exceptions, but commercial
purse seining, lift netting, mesh-netting, estuary prawn and haul
netting are not permitted. With only the overall park-wide
prohibitions enforced, general use zones are the least restrictive
partially protected areas in NSW Marine Parks. Lawful commercial and recreational fishing methods other than trawling and longlining are permitted in general use zones in the Batemans Marine
Park. More specific details about prohibited activities can be found
in Read and West [24].

Sampling Methodology
Baited Remote Underwater Video (BRUV) was used to test
hypotheses about changes in fish assemblages across the network
of marine reserves and partially-protected areas. In many
situations, BRUV units are preferred over other sampling
techniques because they can be deployed in environments
unsuitable for conventional diver based assessments [32], they
are able to detect diver-shy species [33], they provide usable
estimates of the relative abundance of economically-important
species [33] and they provide a permanent visual record of surveys
[32]. BRUV was particularly suitable for our study because it is a
non-destructive sampling technique appropriate for high conservation areas (e.g. no-take marine sanctuaries) and survey depths
often exceeded 30 m. Like all fish survey methods, BRUV only
samples a subset of the fish community with a tendency towards
sampling more predatory species than other methods on shallow
reefs (e.g. underwater visual census [34]). The observed fish
assemblage with BRUV systems can also be influenced by the
presence of large predatory species (e.g. sharks [35]). Importantly,
these issues did not systematically vary among zone types and, as
such, did not influence the hypotheses that were tested here.
BRUV units were deployed on rocky reef at 12 sites in
sanctuary zones, 6 habitat protection and 6 general use zones
(Fig. 1). This design allowed for planned balanced comparisons
between no-take and fished areas (12 sites vs 12 sites) and between
the two types of partially protected areas (6 sites vs 6 sites) (see
design below). The sanctuary zones included were between 2 km
to 14 km apart, which is likely within the range of either larval or
adult movements for many common reef fish species (e.g. [36] and
references within), especially considering the East Australia
Current [37,38]. Sites were haphazardly interspersed throughout
the Marine Park from Brush Island (35u31.086’S) to Potato Point
(35u06.172’S) (Fig. 1). Each site was dominated by rocky reef and
was sampled in 2008, 2009, 2010 and 2011. In 2008, sampling
occurred from January to May and for the following years it
occurred from June to August. This change in timing was related
to the implementation of a state-wide monitoring program and
was not a major consideration for interpretation of results because
there is often no clear seasonal signal in demersal fish assemblages
in this region [39]. This likely stems from substantial spatialtemporal variation and relatively mild winters. Moreover, the key

Materials and Methods
Study Area
This study was undertaken in the Batemans Marine Park, a
,85000 Ha multi-use marine park on the NSW South Coast,
Australia (northern boundary = 35u31.086’S and southern boundary = 36u22.290’S) encompassing waters from the mean high tide
mark to the limit of state waters (ca. 3 nm from land). The zoning
plan for the marine park commenced in June 2007, after which
activities (e.g. fishing, recreation, foreshore development, boating,
pollution discharge, etc.) were regulated by the NSW Marine
Parks Act (1998) and Regulations (1999, 2009), as well as a range
of other legislation (e.g. Fisheries Management Act 1994, Coastal
Protection Act 1979, Protection of Environmental Operations Act
1997, Threatened Species Conservation Act 1995, etc.). Marine
park legislation specifically prohibits dredge and demersal
trawling, mining and long-lining throughout the entire park.
As part of the objective to achieve conservation of biodiversity,
the Marine Park was zoned into 4 types of areas: sanctuary zones,
habitat protection zones, general use zones and special purpose
zones, which represented 19.1%, 43.3%, 37.2% and 0.4% of the
PLOS ONE | www.plosone.org
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Figure 1. Map showing the configuration of zones in the part of the Batemans Marine Park (NSW, Australia) included in our study.
indicates the location of each BRUV sites.
The map highlights spatial arrangement of the network of no-take marine sanctuaries.
doi:10.1371/journal.pone.0085825.g001

N

the most consistent outcomes compared to others previously tested
(e.g. abalone viscera or crushed urchin [41]). This bottom time was
considered appropriate for sampling reef fish between 20–40 m
because there is no significant differences among fish assemblages
and the max N of many common species when deployment times
of 30, 60, and 90 minutes were compared (D. Harasti, unpublished
data). Furthermore, the replication levels of sites and camera
deployments within sites provide adequate power to reliably detect
significant differences between fish species richness and total max N
in sanctuary zones compared to fished areas with mean differences
of 30% and 100%, respectively (B. Kelaher, unpublished data).
Videos were analyzed in the laboratory using a field of view 2 m
behind the bait bag, which represented a standardized area of
9.4 m3 [40]. For each replicate BRUV deployment, we determined species richness, total max N, and max N of each fish species.
Max N for a species was the maximum number of individuals in

hypotheses of this study focused on differences between sanctuary
zones and partially protected areas rather than temporal variation.
In each site, 4 BRUV units were deployed at approximately
200 m intervals onto reef habitat. The mean (6S.E.) depth of
deployments was 26.0 (1.3) m, 26.3 (1.6) m and 26.6 (0.5) m for
sanctuary, habitat protection and general use zones, respectively,
and did not differ significantly among zones (PERMANOVA,
pseudo-F2,21 = 1.48, P = 0.13). Each BRUV unit was constructed as
per Malcolm et al. [40], which included a galvanized metal frame
containing a video camera (mini DV SONY) pointed at a bait bag
mounted horizontally at the end of a 1.5 m long bait arm.
Cameras were housed within high-pressure polyvinyl chloride pipe
with flat acrylic end-ports yielding a field of view of 110u. For each
BRUV deployment, the bait bag was replenished with ,500 g of
chopped pilchards (Sardinops spp.) and each BRUV unit was left on
the bottom for 30 minutes. This bait type was determined to yield
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As well as size, these sanctuary zones varied across a range of
marine park planning criteria (see Table 1 for details). To compare
the individual performance of these 6 sanctuary zones since the
commencement of the zoning plan, a ratio was established with
(xSZ+1)/(XFA+1), where xSZ was the response variable from each
sanctuary zone BRUV deployment and XFA was the average of the
closest two sites in areas where fish could be legally caught. This
sanctuary zone/fished area ratio (hereafter called SZ/FA ratio)
provided an indication of relative changes in fish assemblages in
no-take and fished zones in a local area around individual
sanctuary zones rather than across the network of reserves and
partially-protected areas.
To test whether the performance of individual sanctuary zones
was variable, a two factor PERMANOVA analysis was carried out
on overall fish species richness, total max N and the total max N of
four numerically-dominant families: Carangidae, Kyphosidae,
Labridae and Monacanthidae with the factors sanctuary zones (SZ,
6 levels orthogonal and random) and years since zoning plan
commencement (4 levels, orthogonal and fixed). These univariate
analyses used Euclidean distance to create similarity matrices and
were based on individual BRUV deployments.
The average direction of change of the six key fish outlined
above (Pagrus auratus, Pseudocaranx georgianus, Scorpis lineolata,
Ophthalmolepis lineolatus, Trachurus novaezelandiae and Nemadactylus
douglasii) in each sanctuary zone was determined by calculating
Pearson’s correlation coefficient for the average SZ/FA ratio vs
years since commencement of the zoning plan. These correlation
coefficients were then averaged to determine a generalized
direction of change (rav) for each individual sanctuary zone with
rav being a value between 21 and 1 with positive and negative
values indicative of positive and negative associations between SZ/
FA ratio and time since establishment, respectively. To evaluate
potential explanations for variation in individual sanctuary zone
performance, the rav for individual sanctuary zones were
correlated using Pearson’s correlation coefficient with the number
of enforcement actions by marine park staff from 1 July 2009 to 30
June 2011 and the size of the sanctuary zone. To control for Type
1 error, the significance level of these correlations was corrected
with sequential Bonferroni’s technique [47]. Qualitative comparisons were also made between individual sanctuary zone
performance and other important aspects of individual sanctuary
zones, including whether they (i) terminated at the 3 nm limit
maximizing cross shelf diversity, (ii) were directly linked to no-take
estuarine areas facilitating connectivity, (iii) were buffered by
habitat protection zones limiting accidental damaging activities or
(iv) were adjacent to terrestrial reserves reducing land-based
impacts (e.g. urban run-off).

any frame and total max N was the sum of max N’s for each
deployment [32]. When the abundances of families of fishes were
analyzed, the max N value used for each replicate was the summed
max N of each fish species in that family. Analyses were restricted
to fin fish to avoid complications associated with extra protection
of all but two species of elasmobranchs (i.e. Mustelus antarcticus and
Galeorhinus galeus) in habitat protection zones.

Comparisons across a Network of Marine Reserves and
Partially-protected Areas
Hypotheses about changes in fish assemblages across the
network of no-take marine reserves and partially-protected areas
were tested using 2 factor analyses with zone type (3 levels,
orthogonal and fixed) and years since the commencement of the
zoning plan (4 levels, orthogonal and fixed), with analyses based on
site averages. To test for differences in fish assemblages between
no-take sanctuary zones and fished areas a contrast was included
to compare sanctuary zones against zones where fishing was
allowed. To test for differences in fish assemblages between the
two types of partially-protected zones a contrast was included
comparing fish assemblages in habitat protection and general use
zones.
Hypotheses were based on multivariate comparisons of fish
assemblage structure and univariate comparisons of fish species
richness and total max N. Hypotheses were also tested using the
total max N of four numerically-dominant families, Carangidae,
Kyphosidae, Labridae and Monacanthidae, which represented
17%, 29%, 14% and 7% of the overall total max N, respectively.
Analyses were also conducted on fish species with a summed max
N that totaled more than 300 individuals and are commonlycaught in NSW waters. Each species is currently assessed as either
moderately fished, fully fished, growth overfished or overfished
indicating that they are each under fishing pressure. These taxa
were Pagrus auratus [snapper, growth overfished], Pseudocaranx
georgianus [silver trevally, growth overfished], Scorpis lineolata [silver
sweep, moderately to fully fished], Ophthalmolepis lineolatus [southern
maori wrasse, moderately fished], Trachurus novaezelandiae [yellow
tail scad, fully fished] and Nemadactylus douglasii [grey morwong,
overfished] (see [42] for details). In Batemans Marine Park each of
the above species is caught recreationally, as well as in the
commercial ocean trap and line fishery. However, T. novaezelandiae
is mostly caught in purse seine nets [42], which cannot be used in
habitat protection zones.
Hypotheses about changes in fish assemblages and individual
families and species were tested with non-parametric multivariate
analysis of variance (PERMANOVA [43]). These non-parametric
procedures are robust to variable ecological data commonly
obtained from marine communities [44]. All univariate analyses
were done using Euclidean distance to create similarity matrices.
All multivariate analyses used the Bray-Curtis similarity coefficient
[45]. Non-metric multidimensional scaling (nMDS) [46] was used
to generate two-dimensional ordination plots which graphically
illustrated multivariate patterns in fish assemblages.

Ethics Statement
This study was conducted with the permission of the NSW
Marine Parks Authority and the NSW Department of Primary
Industries. BRUV work was done under the auspices of the
University of Wollongong animal ethics committee (approval
number AE12/07). The study complied with the current laws of
Australia.

Comparisons of the Performance of Individual Marine
Reserves

Results

The 12 sanctuary zone sites were located within six of the 10
offshore sanctuary zones in the Batemans Marine Park. From
north to south, these were Brush Island, Murramarang, Tollgate
Islands, Burrewarra Point, Broulee Island and Mullimburra (GPS
co-ordinates of boundaries included in the NSW Marine Parks
(Zoning Plan) Regulation 1999). These zones encompassed the
smallest and largest offshore sanctuary zones in the marine park.
PLOS ONE | www.plosone.org

Comparisons across a Network of Marine Reserves and
Partially-protected Areas
In total, 17,681 individuals from 89 species of fin fish were
identified from the 384 BRUV deployments from 2008–2011. The
structure of fish assemblages in no-take marine reserves (i.e
sanctuary zones) differed significantly from fished areas (Table 2,
4
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Yes
Yes
No

Figure 2. nMDS ordination of fish assemblages represented as
centroids for each site within sanctuary (white circles), habitat
protection (light grey triangles) and general use (dark grey
squares) zones since the commencement of the zoning plan for
the Batemans Marine Park. As there were no significant interactions
between years and main effect contrasts (Table 1), points indicate site
centroids averaged across years since establishment.
doi:10.1371/journal.pone.0085825.g002

Fig. 2). In contrast, the structure of fish assemblages in habitat
protection zones did not differ significantly from general use zones
(Table 2, Fig. 2).
The richness of fish species was significantly greater in general
use zones than in habitat protection zones, but did not differ
significantly between sanctuary zones and fished areas (Table 2,
Fig. 3). In contrast, the total max N of fishes was 37% greater in notake marine reserves (i.e. sanctuary zones) compared to fished
areas, which was significant (Table 2, Fig. 2). There was a trend
towards more fish in general use zones compared to habitat
protection zones (P = 0.053, Fig. 3). Of the numerically-dominant
families examined, the mean max N of kyphosids was significantly
higher in no-take sanctuary zones compared to fished areas
(Table 3, Fig. 3). For monacanthids, however, the differences in
mean max N were significant between fished zones (Table 3, Fig. 3).
The total max N of carangids and labrids did not differ significantly
among zone types (Table 3).
In general, the max N’s of individual species were more variable
than univariate community measures (i.e. species richness and
total max N) or family groups, leading to fewer significant results.
There was, however, a trend towards more P. auratus (snapper) in
sanctuary zones than fished areas in 2008, 2010 and 2011 (Fig. 4).
The max N of P. georgianus (silver trevally), S. lineolata (silver sweep),
O. lineolatus (southern maori wrasse), T. novaezelandiae (yellow tail
scad) and N. douglasii (grey morwong) did not vary significantly
among zone types since the zoning plan’s establishment (Table 4,
Fig. 4). The average max N of S. lineolata increased in sanctuary
zones with years since establishment.

doi:10.1371/journal.pone.0085825.t001

Yes
Adjacent to mainland National Park/Nature reserve

Yes

No

Yes
No
Part
No
Buffered by Habitat Protection Zone

No

Yes

Yes

Yes

No

No

No

No

Yes

No

Yes

Directly Linked to estuarine sanctuary zones

No

Yes

No

Terminates at 3 nm boundary

,0.01
0.91

0.12

26

4542

8

172

11

312

104

3291

7
8

1709

Enforcement actions

Sanctuary zone area (ha)

20.20
20.19
0.06
0.64
20.46
20.07
Potential explanatory variables

Average Pearson’s r for fish response variables

Direction of association since the establishment of the zoning plan
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P
r
Mullimburra
Broulee Island
Burrewarra
Tollgate
Islands
Murramarang
Brush Island

Table 1. Average direction of association for the six abundant and commonly-caught fish species (see methods) since the commencement of the zoning plan and potential
explanatory variables in six offshore sanctuary zones in the Bateman Marine Park.

Fish Assemblages in Marine Protected Area Networks

Comparisons of the Performance of Individual Marine
Reserves
There were significant differences in the SZ/FA ratio in the
richness and total max N of fish assemblages among individual
sanctuary zones (Table 5, Fig. 5). These ratios indicated a trend for
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Table 2. PERMANOVA analyses comparing the structure of fish assemblages using multivariate data on the richness and
abundance (total max N) of fishes among zone types and among years since the commencement of the zoning plan.

(a) Fish assemblages
df
Zone type

MS

(c) Total max N

(b) Species richness

p-F

P

MS

p-F

P

MS

p-F

P
,0.01

2

3926.20

2.16

,0.01

21.17

2.34

0.10

3210.50

5.61

SZ vs FA

1

5352.00

2.96

,0.01

5.16

0.56

0.48

5188.40

9.22

,0.01

HPZ vs GUZ

1

2500.40

1.41

0.17

37.19

7.57

,0.01

1232.70

4.42

0.05

Years

3

4194.00

2.30

,0.01

47.52

5.26

,0.01

1978.90

3.46

,0.05

Zone type 6 Years

6

1058.90

0.58

0.99

3.86

0.43

0.86

228.44

0.40

0.88

Years 6 SZ vs FA

3

894.56

0.49

0.99

4.73

0.52

0.67

363.55

0.65

0.60

Years 6 HPZ vs GUZ

3

1223.20

0.69

0.92

2.98

0.61

0.60

93.32

0.33

0.79

84

1820.70

Residual

9.03

571.82

Fish assemblages (a) used Bray-Curtis similarity measures following square root transformation while species richness (b) and total max N (c) used Euclidean distance to
generate similarity matrices. Contrasts were included to compare sanctuary zones (SZ) with fished areas (FA) and habitat protection zones (HPZ) with general use zones
(GUZ).
p-F = pseudo F ratio generated by PERMANOVA.
doi:10.1371/journal.pone.0085825.t002

Figure 3. Mean (±1 SE) richness and total max N of fish assemblages and numerically-dominant family groups in general use (dark
grey bars), habitat protection (light grey bars) and sanctuary (white bars) zones since the commencement of the zoning plan for
the Batemans Marine Park.
doi:10.1371/journal.pone.0085825.g003
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Table 3. PERMANOVA analyses comparing the total max N of the numerically-dominant families among zone types and among
years since the commencement of the zoning plan using Euclidean distance.

(a) Carangidae

Zone type

(b) Kyphosidae

df

MS

p-F

P

MS

p-F

P

2

146.12

1.32

0.29

803.43

6.03

,0.01

SZ vs FA

1

142.59

1.32

0.26

1600.70

12.37

,0.01

HPZ vs GUZ

1

149.64

2.11

0.17

6.20

0.14

0.70

Years

3

92.76

0.84

0.50

48.76

0.37

0.77

Zone type 6 Years

6

19.05

0.17

0.98

72.47

0.54

0.78

Years 6 SZ vs FA

3

15.91

0.15

0.93

81.74

0.63

0.58

Years 6 HPZ vs GUZ

3

22.19

0.31

0.84

63.20

1.38

0.26

84

110.57

133.24

(c) Labridae

(d) Monacanthidae

Residual

Zone type

df

MS

p-F

P

MS

p-F

P

2

2.27

0.42

0.65

44.87

5.12

,0.01

SZ vs FA

1

0.32

0.06

0.82

7.04

0.74

0.40

HPZ vs GUZ

,0.01

1

4.23

0.99

0.32

82.69

9.94

Years

3

63.84

11.71

,0.01

15.89

1.82

0.15

Zone type 6 Years

6

2.18

0.40

0.89

9.64

1.10

0.37

Years 6 SZ vs FA

3

1.14

0.21

0.88

12.15

1.27

0.31

Years 6 HPZ vs GUZ

3

3.21

0.75

0.53

7.14

0.86

0.46

84

5.45

Residual

8.76

Contrasts were included to compare sanctuary zones (SZ) with fished areas (FA) and habitat protection zones (HPZ) with general use zones (GUZ).
p-F = pseudo F ratio generated by PERMANOVA.
doi:10.1371/journal.pone.0085825.t003

error for monacanthids at the Mullimburra reserve was less than 1
for each year of sampling (2008 SZ/FA ratio [SE] = 0.41 [0.08],
2009 = 0.32 [0.04], 2010 = 0.21 [0.03], 2011 = 0.51 [0.085]).
Similarly, the average SZ/FA ratio plus one standard error of
carangids in the Murramarang reserve, was less than 1 for three of
the four years of sampling (2008 SZ/FA ratio [SE] = 0.67 [0.10],
2009 = 0.28 [0.06], 2010 = 0.11 [0.02], 2011 = 1.17 [0.61]).
The rav for the six abundant species considered to be important
for commercial and recreational fishing in NSW waters varied
substantially among individual sanctuary zones (Table 1). The
value of 0.64 for the Tollgate Island sanctuary zone was strongly
positive with each of the six species having a positive association
between SZ/FA ratio and the years since the zoning plan’s
commencement (Table 1). In contrast, the average direction of
change at Murramarang (rav = 20.46) and Mullimburra
(rav = 20.20) suggested limited performance in these marine
reserves for the species we considered. For the remaining three
sanctuary zones, there was no strong average directional
association between SZ/FA ratio and the years since the zoning
plan’s commencement (0.20.rav,20.20).
After P-values were corrected using sequential Bonferroni’s
technique, there was a significant correlation between the rav for
the six key fish species and the number of enforcement actions
undertaken (Table 1), indicating a positive association between
individual reserve performance and compliance activity. In
contrast, there were no significant correlations between average
directional association of the SZ/FA ratio for the six key fish
species since the park’s establishment (rav) and the size of sanctuary
zones (Table 1). With respect to key reserve attributes (Table 1),

greater max N of fish in sanctuary zones (i.e. the probability (P) of 6
ratios greater than 1 = 0.059) and substantially richer fish
assemblages in two of the six sanctuary zones sampled (i.e. where
the mean plus standard error bar is greater than 1 on Fig. 4).
However, the average number of fish species in the Mullimburra
sanctuary zone plus one standard error was less than 1, indicating
fewer fish species in this sanctuary zone relative to the surrounding
fished area (i.e. mean plus standard error are less than 1 on Fig. 5).
The SZ/FA ratio of total max N for carangids, kyphosids and
labrids also varied significantly among individual sanctuary zones
demonstrating variation in individual reserve performance
(Table 5, Fig. 5). For four out of six sanctuary zones, the SZ/FA
ratio was close to one. For labrids, however, the average total max
N plus one standard error was less than 1 in the Murramarang
reserve indicating fewer of these fishes in this sanctuary zone than
in the surrounding fished areas (Fig. 4). The SZ/FA ratio of total
max N for carangids and monacanthids interacted significantly
among sanctuary zones and years since establishment (Table 5).
Post hoc tests (PHT) revealed that the patterns of average SZ/FA
ratio for these fish taxa varied significantly among sanctuary zones
in some years but not others (PHT: P,0.05). For example, the
SZ/FA ratio of carangids did not vary among individual sanctuary
zones in 2008 and 2011, but was significantly greater at
Mullimburra than other sanctuary zones in 2009 (PHT: P,0.05)
and significantly smaller than other sanctuary zones in 2010 (PHT:
P,0.05). The average SZ/FZ ratio for monacanthids and
carangids indicated more of these fishes in 5 out of 6 and 3 out
of 6 sanctuary zones than the surrounding fished areas,
respectively (Fig. 4). The average SZ/FA ratio plus one standard
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Figure 4. Mean (±1 SE) max N of fish species important to recreational and commercial fisheries in general use (dark grey bars),
habitat protection (light grey bars) and sanctuary (white bars) zones in each year since the commencement of the zoning plan for
the Batemans Marine Park.
doi:10.1371/journal.pone.0085825.g004

Tollgate Islands themselves are Nature Reserves not accessible
to the general public.

the large reserve at Mullimburra was the only one to have full
coverage from the shore to the 3 nm limit of state waters, to be
directly linked to estuarine sanctuary zones, to be buffered by
habitat protection zones and to be adjacent to mainland National
Parks. In contrast, the only key attribute possessed by the relatively
small Broulee Island Reserve was that it was adjacent to a Nature
Reserve. Moreover, the small Burrewarra reserve only had partial
buffering from habitat protection zones. The reserves at Brush
Island and Murramarang each terminated at the 3 nm limit and
were adjacent to National Parks. The Tollgate Island Reserve ran
out to the 3 nm limit of state waters and was buffered by habitat
protection zones. As it commenced approximately 1 km offshore
(Fig. 1), the Tollgate Island reserve could not link directly to
estuarine sanctuary zones. It was, however, directly adjacent to the
Clyde River Estuary that included several substantial no-take
estuarine sanctuaries. Although the Tollgate Islands Reserve was
adjacent to urban development, its distance from shore (Fig. 1)
provided a substantial buffer from land-based impacts. The

PLOS ONE | www.plosone.org

Discussion
On average there were 38% more fish in the network of marine
reserves than in fished areas of the Batemans Marine Park. The
largest contribution to this effect came from Kyphosids (drummers). Compared to global averages for individual reserves (e.g.
166%, n = 124 reserves [5]) the elevated fish abundances across
the network of marine reserves was modest, but well within the
spectrum of positive responses. This may, in part, be due to the
marine park only being in place for 5 years (e.g. [30,48]) and
previous fishing pressure being regulated by conventional fisheries
management [42]. It may also stem from the fished areas being
partially-protected such that even the most unprotected places in
the marine park (general use zones) were free from potentially
damaging activities such as demersal trawling and long-lining [24].
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Table 4. PERMANOVA analyses comparing the max N of key fish species among zone types and among years since the
commencement of the zoning plan.

(a) P. auratus

Zone type

(b) P. georgianus

(c) S. lineolata

df

MS

p-F

P

MS

p-F

P

MS

p-F

P

2

2.20

2.95

0.07

13.20

1.06

0.37

31.73

0.81

0.45

SZ vs FA

1

1.76

2.32

0.15

0.15

0.01

0.92

63.38

1.67

0.22

HPZ vs GUZ

1

2.64

4.51

,0.05

26.26

1.96

0.18

0.08

0.01

0.95

Years

3

0.74

0.99

0.41

27.44

2.20

0.09

5.88

0.15

0.94

Zone type 6 Years

6

0.87

1.16

0.34

8.70

0.70

0.70

28.19

0.72

0.62

Years 6 SZ vs FA

3

1.21

1.59

0.19

1.38

0.11

0.95

37.98

1.00

0.41

Years 6 HPZ vs GUZ

3

0.53

0.90

0.44

16.02

1.19

0.31

18.40

0.96

0.44

84

0.75

12.48

39.20

(d) O. lineolatus

(e) T. novaezelandiae

(f) N. douglasii

Residual

Zone type

df

MS

p-F

P

MS

p-F

P

MS

p-F

P
0.13

2

1.04

0.31

0.74

92.33

1.07

0.36

1.86

1.87

SZ vs FA

1

,0.01

,0.01

1.00

137.16

1.65

0.19

0.07

0.06

0.85

HPZ vs GUZ

1

2.08

0.70

0.43

47.50

0.95

0.38

3.66

2.64

0.07

Years

3

31.49

9.37

,0.01

70.34

0.81

0.48

1.33

1.34

0.27

Zone type 6 Years

6

1.94

0.58

0.76

9.65

0.11

0.99

1.02

1.03

0.39

Years 6 SZ vs FA

3

0.69

0.21

0.90

12.79

0.15

0.93

0.51

0.49

0.77

Years 6 HPZ vs GUZ

3

3.20

1.08

0.40

6.52

0.13

0.95

1.53

1.11

0.33

84

3.36

Residual

86.55

0.99

Contrasts were included to compare sanctuary zones (SZ) with fished areas (FA) and habitat protection zones (HPZ) with general use zones (GUZ).
p-F = pseudo F ratio generated by PERMANOVA.
doi:10.1371/journal.pone.0085825.t004

recover in much older marine reserves (e.g. Pagrus auratus, snapper
[28]). Similar conclusions were reached about fish populations on
shallow subtidal reefs sampled using underwater visual census over
the first five years following the establishment of the Batemans
Marine Park [50].
An important consideration for interpreting positive effects of
marine reserves on fish abundances is whether marine reserves
were deliberately placed in areas with more fish. For the Batemans
Marine Park this was not the case because, although some data
was collected prior to the parks’ establishment [31,51], detailed
regionally specific data on reef fish assemblages and reef extent
and complexity were not available to marine park planners prior
to the marine parks establishment. Furthermore, there are two
lines of evidence to support positive reserve effects: (i) the
abundances of some species increased in sanctuary zones over
time (e.g. S. lineolata, silver sweep) and (ii) sampling conducted prior
to the zoning plan’s establishment indicated that there were similar
if not fewer fish in marine reserves compared to fished areas [48].
Given that all levels in the factor zone type were replicated with
multiple sites and BRUV deployments were haphazardly located
on reefs of similar structure, our study was of the form of a
standard ecological field experiment where the manipulation was
the implementation and enforcement of marine park regulations.
While this sampling was sufficient for testing the proposed
hypotheses about reserve effects, similar to most published field
experiments, the ability to attribute treatment effects to the
manipulation (e.g. conservation measures in this case) rather than
site selection could be improved by the incorporation of preestablishment data into comparisons (e.g. BACI-type experimental

Despite the total max N of fishes being significantly greater in
marine reserves than in fished areas, there were no significant
differences in the richness of reef fishes across the network of notake reserves compared to fished areas. There was, however,
greater richness of reef fish species in Brush Island and Burrewarra
reserves compared to the adjacent fished areas. Similar to richness,
there were also no significant differences in the abundances of
some family groups and commonly-caught fish species among
zone types. Large variation in the measurement of fish populations
contributed to these results. For example, although there was 37%
more Carangids in marine reserves than in fished areas, this
comparison was not close to being significant due to substantial
variation among zones and sites in fished areas. Nonetheless, it was
to be expected that only the very large changes in fish assemblages
would be detected because power analyses demonstrated that, for
the levels of replication used, effects of 30% and 100% were
required to reliably detect significant differences in the richness
and max N between reserves and fished areas, respectively.
Another consideration for the non-significant results was the
influence of time since reserve establishment. In comparisons of
other temperate Australian marine reserves to fished areas from
before to three years after establishment, Edgar et al [49]
demonstrated few changes in the abundance of fish and
invertebrates in the marine reserves compared to fished areas.
They concluded that the three-year period studied after reserve
commencement may have been insufficient to generate clear
trends in fish population recoveries. The results from our study
suggest that 5 years may also not be sufficient to detect change of
some fish species whose abundances have been demonstrated to
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Figure 5. Mean (±1 SE) sanctuary zone to local fished areas ratio (SZ/FA) for richness and total max N of fish assemblages and
numerically-dominant family groups in the Brush Island (BH), Murramarang (MG), Tollgate Islands (TL), Burrewarra (BA), Broulee
Island (BE) and Mullimburra (MA) sanctuary zones. Bars represent the main effects of sanctuary zone averaged across years since
establishment.
doi:10.1371/journal.pone.0085825.g005

of other less damaging commercial fishing activities from habitat
protection zones probably had limited additional influence on fish
communities. Furthermore, the designation of habitat protection
zones could have attracted some increased recreational fishing
effort, therefore reducing differences between the two different
zones. This is because habitat protection zones are often promoted
as enhancing recreational fishing opportunities through reduced
commercial fishing effort, with similar types of areas in NSW
estuaries (e.g. Recreational Fishing Havens) being perceived by
recreational anglers as improving catch rates [53]. Management
strategies that result in shifting recreational fishing effort towards
partially-protected areas may limit the conservation benefits of
these areas.
Although there was a general increase in overall fish abundance
in marine reserves across the network, there was significant
variation among the performance of individual reserves. The six
commonly caught fish species in marine reserves at the Tollgate
Islands showed the strongest positive trend over the 5 years of
reserve protection (Pearson’s r = 0.64). Although quantitative data
on fishing effort was not collected consistently across the Batemans

designs [52]). The marine park planning process is, however, not
always conducive to implementation of robust BACI experimental
designs. For the Batemans Marine Park, there was around 14
months between the declaration of the Park and the implementation of the zoning plan [27]. Most of this period was taken up
with planning and public consultation, leaving only a few months
between when the locations of the marine reserves were finalized
and the zoning plan coming into effect. Consequently, there was
insufficient time to collect the inter-annual pre-establishment data
required for a temporally-replicated BACI-style experimental
design.
In general, fish assemblages either did not differ between the
partially-protected areas with different levels of protection or there
were more species in general use zones than habitat protection
zones. There was, therefore, no evidence that the additional
restrictions associated with habitat protection zones, such as
removal of commercial purse seining, lift netting and set lining,
improved conservation outcomes for reef fish assemblages on
offshore reefs after 5 years. Given that trawling and long-lining
were removed from the entire Batemans Marine Park, the removal
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the costs of enforcement [54,55]. Greater consideration of
compliance planning during establishment and adaptive management of marine reserve networks can enhance voluntary
compliance and improve conservation outcomes [24].
Marine reserve size is generally regarded as a fundamental
principle in effective marine reserve design with larger reserves
often having greater conservation benefits [56]. By this criterion,
the largest marine reserve in our study, Mullimburra, did not
perform as well as smaller reserves in the network. Consequently,
factors other than reserve size must have been driving this result.
Importantly, the Mullimburra reserve had many characteristics
considered important for effective reserve design (Table 1).
Mullimburra marine reserve was adjacent to the Eurobodalla
National Park minimizing potential land-based threats to the
marine ecosystem [57,58]. It was also directly linked to no-take
estuarine reserves ensuring undisrupted connectivity between
juvenile and adult habitats [59,60]. Mullimburra marine reserve
had cross-shelf coverage from the shore to the 3 nm limit of NSW
state waters, maximizing reef habitat representation [61], which is
known to be extensive in inner- and mid-shelf waters in the region
[51]. It was also surrounded by extensive partially-protected areas
(i.e. habitat protection zones) buffering it from unintentional
commercial fishing activities [62].
Given all these key reserve attributes, it is not clear why the
large reserve at Mullimburra did not perform as well as some
smaller reserves, although it should be noted that the BRUV sites
in fished areas adjacent to this reserve were further away than they
were for other reserves. A more likely explanation is the influence
of compliance levels because the least effective reserves, Murramarang and Mullimburra, also had the lowest number of
enforcement actions per unit area. A review of compliance related
issues from the Great Barrier Reef Marine Park suggests that even
a small amount of poaching can have major ecological
consequences [26]. Although there are no data available to
discriminate between compliance efficacy and the amount of
illegal fishing activity in the Batemans Marine Park, the significant
relationship between enforcement actions and reserve performance suggests that quantitative monitoring of compliance and
illegal activities should be prioritized to facilitate adaptive
management to maximize marine conservation outcomes.
It is not possible from our results to determine whether the
performance of individual marine reserves within the first 5 years
will be a useful predictor of long-term reserve performance. This
raises important questions about how much park-specific ecological monitoring can contribute to evidence-based adaptive
management of marine park zoning arrangements at a 5 year
review, as is currently required in NSW. Certainly, clear advice
can be given that the network of marine reserves in the Batemans
Marine Park had a positive influence on the abundance of fishes,
particularly kyphosids, despite differences in the performance of
the individual marine reserves we examined. In contrast, there
were no consistent effects to validate the efficacy of habitat
protection zones. Ongoing enforcement will also be required to
maintain reserve efficacy and extra compliance attention should be
focused on the large marine reserves at Mullimburra and
Murramarang, which appear to be underperforming given their
attributes (see Table 1).
Apart from this general advice, 5 years of ecological monitoring
was insufficient to provide scientific evidence that would justify
changing the current network of marine reserves and partiallyprotected areas in the Batemans Marine Park to improve longterm conservation of biodiversity. Nonetheless, the broader
scientific literature about marine reserves will still have an
invaluable contribution to the review process, with rigorous

Table 5. PERMANOVA analyses comparing the sanctuary
zone to local fished area ratio (SZ/FA) for univariate measures
of fish assemblages, numerically-dominant families and key
fish species among sanctuary zones (SZ) and among years
since the commencement of the zoning plan for the
Batemans Marine Park.

(a) Species richness

(b) Total abundance

df

MS

p-F

P

p-F

P

SZ

5

1.70

16.15

,0.01 6.97

4.57

,0.01

Years

3

0.18

1.24

0.33

4.39

2.25

0.13

SZ 6 Years

15

0.15

1.47

0.13

2.03

1.33

0.21

Residual

168

0.11

1.52

(c) Carangidae

(d) Kyphosidae

df

MS

p-F

P

MS

MS

p-F

P

SZ

5

26.72

3.38

,0.05 114.14

8.60

,0.01

Years

3

2.64

0.12

0.96

30.17

2.04

0.14

3.24

,0.01 15.05

1.13

0.35

SZ 6 Years

15

25.65

Residual

168

7.91

13.27

(e) Labridae

(f) Monacanthidae

df

MS

p-F

P

MS

p-F

P

SZ

5

2.18

6.77

,0.01 9.98

4.28

,0.01

Years

3

1.10

2.30

0.12

15.18

3.29

,0.05

SZ 6 Years

15

0.51

1.57

0.10

5.04

2.16

,0.05

Residual

168

0.32

2.33

p-F = pseudo F ratio generated by PERMANOVA.
doi:10.1371/journal.pone.0085825.t005

Marine Park prior to its establishment, it was well known that the
Tollgate Islands were heavily targeted by boat-based fishers prior
to the enforcement of marine park regulations, as the islands are
adjacent to the largest town and boating facilities in the region.
This offshore reserve was also one of the most commonly patrolled
because of its central location and proximity to a relatively safe
ocean bar crossing. The substantial reduction in fishing effort
combined with the greatest compliance effort would have
contributed to the Tollgate Islands reserve showing the strongest
positive responses to protection over the first 5 years.
Effective compliance cannot be underestimated in achieving
positive marine conservation outcomes [13,14]. As expected,
enforcement actions were positively associated with individual
reserve performance in the Batemans Marine Park. As well as
active enforcement, the Batemans Marine Park operational plan
included priority actions aimed at increasing voluntary compliance. This included local education and awareness activities,
programs to improve signage and zone markers as well as
proactively restricting potentially harmful activities through
permitting. In response to these strategies, we contend that public
knowledge of the marine park zoning arrangements improved
substantially since the parks establishment. For example, marine
park awareness by tourists increased from 47% (n = 203) to 72%
(n = 36) from 2008 to 2011 (Eurobodalla Shire Council and NSW
Marine Park Authority, unpublished data). Public knowledge and
support for marine reserves increases voluntary compliance, which
can both improve the effectiveness of marine reserves and reduce
PLOS ONE | www.plosone.org
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assessments of reserve attributes (e.g. size, habitat linkages,
buffering) from much older marine reserve networks being
particularly informative. After the initial 5 year review, NSW
marine parks are reviewed every 10 years. At the 15 year review,
sufficient time should have passed for substantial changes in the
structure of marine communities to have occurred [28,30]. At this
point, the results from local ecological monitoring and other
complimentary research will be in a much stronger position to
drive evidence-based adaptive management to enhance long-term
conservation objectives.
In conclusion, few studies have examined changes in fish
assemblages across a network of marine reserves relative to fished
areas with different levels of environmental protection. We show
that after 5 years of protection, fish abundances were 37% greater
across the network of marine reserves compared to partiallyprotected areas, although not all individual reserves performed
equally and performance was temporally variable. These changes
are relatively modest compared to some reserve networks (e.g.
[63]), but still add to the growing weight of evidence that
conservation outcomes from planned networks of marine reserves
are greater than those from individual reserves [4,26]. Our results
also provide insight into factors (e.g. past fishing effort and
compliance) that promote early conservation benefits to fish in
temperate marine reserves and thus should be carefully considered
in marine reserve establishment and management. As coastal

population growth and associated development increases stress on
marine environments, it is critical that networks of marine reserves
are designed and adaptively managed to maximise their conservation objectives. Although local environmental monitoring can
contribute to adaptive management of newly established marine
reserve networks, the extent of this contribution will be limited by
the rate of change in marine communities in response to
protection. The adaptive management processes of newly established marine reserve networks could, therefore, be enhanced by
rigorous assessment of the efficacy of ecological attributes and
planning principles from much older networks.

Acknowledgments
We thank Ian Osterloh, Jess Klages, James Wraith and Jessica Rugge for
assistance with field work and sample processing. This is contribution
no. 305 from the Ecology and Genetics Group at this University of
Wollongong.

Author Contributions
Conceived and designed the experiments: BPK MC AB MR AJ ARD.
Performed the experiments: BPK MC AB MR AJ ARD. Analyzed the
data: BPK MC AB MR AJ ARD. Contributed reagents/materials/analysis
tools: BPK MC AB MR AJ ARD. Wrote the paper: BPK MC AB MR AJ
ARD.

References
1. Lotze HK, Lenihan HS, Bourque BJ, Bradbury RH, Cooke RG, et al. (2006)
Depletion, degradation, and recovery potential of estuaries and coastal seas.
Science 312: 1806–1809.
2. Crain CM, Halpern BS, Beck MW, Kappel CV (2009) Understanding and
managing human threats to the coastal marine environment. In: Ostfeld RS,
Schlesinger WH, editors. Year in Ecology and Conservation Biology 2009. 39–
62.
3. Halpern BS, Lester SE, McLeod KL (2010) Placing marine protected areas onto
the ecosystem-based management seascape. Proceedings of the National
Academy of Sciences of the United States of America 107: 18312–18317.
4. Gaines SD, White C, Carr MH, Palumbi SR (2010) Designing marine reserve
networks for both conservation and fisheries management. Proceedings of the
National Academy of Sciences of the United States of America 107: 18286–
18293.
5. Lester SE, Halpern BS, Grorud-Colvert K, Lubchenco J, Ruttenberg BI, et al.
(2009) Biological effects within no-take marine reserves: a global synthesis.
Marine Ecology Progress Series 384: 33–46.
6. Mosqueira I, Cote IM, Jennings S, Reynolds JD (2000) Conservation benefits of
marine reserves for fish populations. Animal Conservation 3: 321–332.
7. Barrett NS, Edgar GJ, Buxton CD, Haddon M (2007) Changes in fish
assemblages following 10 years of protection in Tasmanian marine protected
areas. Journal of Experimental Marine Biology and Ecology 345: 141–157.
8. Shears NT, Babcock RC (2003) Continuing trophic cascade effects after 25 years
of no-take marine reserve protection. Marine Ecology Progress Series 246: 1–16.
9. Mumby PJ, Harborne AR, Williams J, Kappel CV, Brumbaugh DR, et al.
(2007) Trophic cascade facilitates coral recruitment in a marine reserve.
Proceedings of the National Academy of Sciences of the United States of
America 104: 8362–8367.
10. Harrison HB, Williamson DH, Evans RD, Almany GR, Thorrold SR, et al.
(2012) Larval Export from Marine Reserves and the Recruitment Benefit for
Fish and Fisheries. Current Biology 22: 1023–1028.
11. Russ GR, Alcala AC (2011) Enhanced biodiversity beyond marine reserve
boundaries: The cup spillith over. Ecological Applications 21: 241–250.
12. Burfeind DD, Pitt KA, Connolly RM, Byers JE (2013) Performance of nonnative species within marine reserves. Biological Invasions 15: 17–28.
13. Byers JE, Noonburg EG (2007) Poaching, enforcement, and the efficacy of
marine reserves. Ecological Applications 17: 1851–1856.
14. Guidetti P, Milazzo M, Bussotti S, Molinari A, Murenu M, et al. (2008) Italian
marine reserve effectiveness: does enforcement matter? Biological Conservation
141: 699–709.
15. Hastings A, Botsford LW (2003) Comparing designs of marine reserves for
fisheries and for biodiversity. Ecological Applications 13: 65–70.
16. Roberts CM, Andelman S, Branch G, Bustamante RH, Castilla JC, et al. (2003)
Ecological criteria for evaluating candidate sites for marine reserves. Ecological
Applications 13: S199–S214.
17. Coleman MA, Chambers J, Knott NA, Malcolm HA, Harasti D, et al. (2011)
Connectivity within and among a Network of Temperate Marine Reserves. Plos
One 6: 10.1371/journal.pone.0020168.

PLOS ONE | www.plosone.org

18. Botsford LW (2005) Potential contributions of marine reserves to sustainable
fisheries: recent modeling results. Bulletin of Marine Science 76: 245–259.
19. Hastings A, Botsford LW (2006) Persistence of spatial populations depends on
returning home. Proceedings of the National Academy of Sciences of the United
States of America 103: 6067–6072.
20. Moffitt EA, Botsford LW, Kaplan DM, O’Farrell MR (2009) Marine reserve
networks for species that move within a home range. Ecological Applications 19:
1835–1847.
21. Planes S, Jones GP, Thorrold SR (2009) Larval dispersal connects fish
populations in a network of marine protected areas. Proceedings of the National
Academy of Sciences of the United States of America 106: 5693–5697.
22. Denny CM, Babcock RC (2004) Do partial marine reserves protect reef fish
assemblages? Biological Conservation 116: 119–129.
23. Lester SE, Halpern BS (2008) Biological responses in marine no-take reserves
versus partially protected areas. Marine Ecology Progress Series 367: 49–56.
24. Read AD, West RJ (2010) Qualitative risk assessment of multiple-use marine
park effectiveness - a case study from NSW, Australia. Ocean & Coastal
Management 53: 636–644.
25. Tuya FC, Soboil ML, Kido J (2000) An assessment of the effectiveness of Marine
Protected Areas in the San Juan Islands, Washington, USA. Ices Journal of
Marine Science 57: 1218–1226.
26. McCook LJ, Ayling T, Cappo M, Choat JH, Evans RD, et al. (2010) Adaptive
management of the Great Barrier Reef: a globally significant demonstration of
the benefits of networks of marine reserves. Proceedings of the National
Academy of Sciences of the United States of America 107: 18278–18285.
27. Banks SA, Skilleter GA (2010) Implementing marine reserve networks: a
comparison of approaches in New South Wales (Australia) and New Zealand.
Marine Policy 34: 197–207.
28. Babcock RC, Shears NT, Alcala AC, Barrett NS, Edgar GJ, et al. (2010)
Decadal trends in marine reserves reveal differential rates of change in direct and
indirect effects. Proceedings of the National Academy of Sciences of the United
States of America 107: 18256–18261.
29. Roberts CM (2005) Marine protected areas and biodiversity conservation. In:
Norse E, Crowder LB, editors. Marine conservation biology: the science of
maintaining the sea’s biodiversity. Washington DC: Island Press. 265–279.
30. Molloy PP, McLean IB, Cote IM (2009) Effects of marine reserve age on fish
populations: a global meta-analysis. Journal of Applied Ecology 46: 743–751.
31. Edgar GJ, Stuart-Smith RD (2009) Ecological effects of marine protected areas
on rocky reef communities-a continental-scale analysis. Marine Ecology Progress
Series 388: 51–62.
32. Gladstone W, Lindfield S, Coleman M, Kelaher B (2012) Optimisation of baited
remote underwater video sampling designs for estuarine fish assemblages.
Journal of Experimental Marine Biology and Ecology 429: 28–35.
33. Lowry M, Folpp H, Gregson M, Suthers I (2012) Comparison of baited remote
underwater video (BRUV) and underwater visual census (UVC) for assessment
of artificial reefs in estuaries. Journal of Experimental Marine Biology and
Ecology 416: 243–253.

12

January 2014 | Volume 9 | Issue 1 | e85825

Fish Assemblages in Marine Protected Area Networks

34. Colton MA, Swearer SE (2010) A comparison of two survey methods:
differences between underwater visual census and baited remote underwater
video. Marine Ecology Progress Series 400: 19–36.
35. Klages J, Broad A, Kelaher BP, Davis AR (2013) The influence of gummy
sharks, Mustelus antarcticus, on observed fish assemblage structure. Environmental Biology of Fishes. doi: 101007/s10641-013-0138-2.
36. Curley BG, Jordan AR, Figueira WF, Valenzuela VC (2013) A review of the
biology and ecology of key fishes targeted by coastal fisheries in south-east
Australia: identifying critical knowledge gaps required to improve spatial
management. Reviews in Fish Biology and Fisheries.
37. Coleman MA, Kelaher BP (2009) Connectivity among fragmented populations
of a habitat-forming alga, Phyllospora comosa (Phaeophyceae, Fucales) on an
urbanised coast. Marine Ecology Progress Series 381: 63–70.
38. Coleman MA, Roughan M, Macdonald HS, Connell SD, Gillanders BM, et al.
(2011) Variation in the strength of continental boundary currents determines
continent-wide connectivity in kelp. Journal of Ecology 99: 1026–1032.
39. Gray CA, Otway NM (1994) Spatial and temporal differences in assemblages of
demersal fishes on the innner continental-shelf off Sydney, South-Eastern
Australia. Australian Journal of Marine and Freshwater Research 45: 665–676.
40. Malcolm HA, Gladstone W, Lindfield S, Wraith J, Lynch TP (2007) Spatial and
temporal variation in reef fish assemblages of marine parks in New South Wales,
Australia - baited video observations. Marine Ecology Progress Series 350: 277–
290.
41. Wraith J, Lynch T, Minchinton TE, Broad A, Davis AR (2013) Bait type affects
fish assemblages and feeding guilds observed at baited remote underwater video
stations. Marine Ecology Progress Series 477: 189–199.
42. Rowling K, Hegarty A, Ives M (2010) Status of fisheries resources in NSW
2008/09. SydneyAustralia: NSW Industry & Investment. 392 p.
43. Anderson MJ (2001) A new method for non-parametric multivariate analysis of
variance. Austral Ecology 26: 32–46.
44. Kelaher BP (2003) Changes in habitat complexity negatively affect diverse
gastropod assemblages in coralline algal turf. Oecologia 135: 431–441.
45. Bray JR, Curtis JT (1957) An ordination of the upland forest communities of
southern Wisconsin. Ecological Monographs 27: 326–349.
46. Field JG, Clarke KR, Warwick RM (1982) A practical strategy for analyzing
multispecies distribution patterns. Marine Ecology Progress Series 8: 37–52.
47. Rice WR (1989) Analysing tables of statistical tests. Evolution 43: 223–225.
48. Edgar GJ, Barrett NS, Stuart-Smith RD (2009) Exploited reefs protected from
fishing transform over decades into conservation features otherwise absent from
seascapes. Ecological Applications 19: 1967–1974.
49. Edgar GJ, Barrett NS (2012) An assessment of population responses of common
inshore fishes and invertebrates following declaration of five Australian marine
protected areas. Environmental Conservation 39: 271–281.

PLOS ONE | www.plosone.org

50. Coleman MA, Palmer-Brodie A, Kelaher BP (2013) Conservation benefits of a
network of marine reserves and partially protected areas. Biological Conservation 167: 257–264.
51. Jordan A, Davies P, Ingleton T, Mesley E, Neilson J, et al. (2010) Seabed habitat
mapping of continental shelf waters of NSW. Sydney: NSW Department of
Environment, Climate Change and Water Occasional Paper Series.
52. Underwood AJ (1993) The mechanics of spatially replicated sampling programs
to detect environmental impacts in a variable world. Australian Journal of
Ecology 18: 99–116.
53. Steffe AS, Murphy JJ, Chapman DJ, Barrett GP, Gray CA (2005) An assessment
of changes in the daytime, boat-based, recreational fishery of the Tuross Lake
estuary following the establishment of a ‘Recreational Fishing Haven’ Sydney,
Australia: NSW Department of Primary Industries. 70 p.
54. Davis BC, Morett GS (2005) Enforcing U.S. marine protected areas: synthesis
report. Silver SpringMaryland, USA: National Marine Protected Areas Center
in Cooperation with the National Oceanic and Atmospheric Administration
Coastal Services Center. 69 p.
55. Read AD, West RJ, Haste M, Jordan A (2011) Optimizing voluntary compliance
in marine protected areas: A comparison of recreational fisher and enforcement
officer perspectives using multi-criteria analysis. Journal of Environmental
Management 92: 2558–2567.
56. Claudet J, Osenberg CW, Benedetti-Cecchi L, Domenici P, Garcia-Charton JA,
et al. (2008) Marine reserves: size and age do matter. Ecology Letters 11: 481–
489.
57. Stoms DM, Davis FW, Andelman SJ, Carr MH, Gaines SD, et al. (2005)
Integrated coastal reserve planning: making the land-sea connection. Frontiers in
Ecology and the Environment 3: 429–436.
58. Alvarez-Romero JG, Pressey RL, Ban NC, Vance-Borland K, Willer C, et al.
(2011) Integrated Land-Sea Conservation Planning: The Missing Links. In:
Futuyma DJ, Shaffer HB, Simberloff D, editors. Annual Review of Ecology,
Evolution, and Systematics, Vol 42. 381–409.
59. Olds AD, Connolly RM, Pitt KA, Maxwell PS (2012) Habitat connectivity
improves reserve performance. Conservation Letters 5: 56–63.
60. Mumby PJ, Edwards AJ, Arias-Gonzalez JE, Lindeman KC, Blackwell PG, et al.
(2004) Mangroves enhance the biomass of coral reef fish communities in the
Caribbean. Nature 427: 533–536.
61. Malcolm HA, Smith SDA, Jordan A (2010) Using patterns of reef fish
assemblages to refine a Habitat Classification System for marine parks in NSW,
Australia. Aquatic Conservation-Marine and Freshwater Ecosystems 20: 83–92.
62. NSW Marine Parks Authority (2009) Solitary Islands Marine Park: zoning plan
review report. SydneyAustralia: NSW Marine Parks Authority. 117 p.
63. Russ GR, Cheal AJ, Dolman AM, Emslie MJ, Evans RD, et al. (2008) Rapid
increase in fish numbers follows creation of world’s largest marine reserve
network. Current Biology 18: 514–515.

13

January 2014 | Volume 9 | Issue 1 | e85825

